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HEAT TREATMENT OF STEEL 

c. Coarsening annealing 

If full annealing is applied to low-carbon steel, it becomes too soft and is 
therefore liable to the so-called "gouges" under normal cutting conditions. To 
ensure good machinability, it is better to heat low-carbon steel to high 
temperature thereby coarsening crystal grains. This technique is 
distinguished from full annealing by calling it "coarsening annealing 
(Grobkorngluhen)" or "high temperature annealing (Hochgluhen)". In 
coarsening annealing, heating temperature ranges from 950 to 1100°C and 
the degree of coarsening is preferably intermediate between fine-grained steel 
and coarse-grained steel, that is, within the range of Grain Nos. 4 to 6. 

d. Points to notice in phase transformation annealing 

When hypereutectoid steel is annealed at excessively high annealing 
temperature, excessively solid-dissolved carbide preferentially precipitates in 
an austenite grain boundary in subsequent cooling, so that the so-called 
network carbide is likely to be created. Generally, with higher annealing 
temperature, oxidization, decarburization or surface roughing are more likely to 
occur on the surface of the steel. Therefore, temperature higher than 
necessary and prolonged holding time have to be avoided. Steels especially 
containing Mo or Si tend to cause decarburization and are therefore desirably 
heated in ambient atmosphere. Box annealing is preferable for relatively 
small-sized steel parts such as tool steel. Use of cast iron shavings and pitch 
cokes in combination with burnt lime powder as a filler causes carburization in 
some cases and therefore attention should be paid. For annealing processed 
articles such as plates and wire rods, bright annealing that utilizes ambient 
atmosphere and vacuum annealing are practically used. 

2.1.3 Softening annealing 

A special type of annealing is necessary where satisfactory softness 
cannot be achieved by full annealing applied, for instance, to some carbon tool 
steels or alloy tool steels or where more improved machinability is required for 
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steel in order that the steel is subjected to high-speed cutting. This is called 
"softening annealing". The most effective technique for softening is such that 
the lamellar structure of pearlite is broken to spheroidize carbide and disperse it 
on a ferrite substrate. The heat treatment of this type is called "spheroidizing 
annealing". 

The degree of softening varies depending on the distribution and shape 
of carbide. As carbide particles decrease in number and become coarser, the 
degree of softening increases. Compared to the hardness of the lamellar 
pearlite obtained by full annealing, the spheroidal structure is certainly softer 
but the difference between them in hardness is not noticeable. However, in 
view of machinability, there is a significant difference between them. 

a. Methods of spheroidizing 

Spheroidizing is performed with any of the following methods: 

(a) Holding at a temperature just below the point A^ is done for a long 
period of time. 

(b) Heating to a temperature just above the point Ai and cooling to a 
temperature just below the point Ai are repeated. 

(c) After heating to a temperature just above the point Ai or a 
temperature intermediate between the points Ai and Acm, furnace cooling is 
very slowly done or alternatively holding at a temperature just below the point 

is done. 

(d) After heating to the lowest temperature that allows solid dissolving of 
carbide and cooling at a proper speed for the purpose of preventing 
reprecipitation of network carbide, reheating is done according to the method 
(a) or (b). 

The method (a) is mainly applied to spheroidizing of quench-hardened 
or cold-worked steels. Higher heating temperature is more preferable for the 
method (a). However, areas where network carbide originally exists cannot be 
spheroidized with this method (a). 

The method (b) is the most suitable for hypoeutectoid steel because it 
spheroidizes hypoeutectoid steel within the shortest time. Incidentally, carbide 
tends to consistently become spheroidal to minimize interfacial energy. 
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Therefore, steels have different solubilities depending on their curvature radii if 
they have an irregular surface, and steels having smaller curvature are more 
solid-soluble. If such steels are heated to a temperature equal to or higher 
than the point Ai, solid dissolving progresses in part, so that the lamellar 
carbide is segmentalized. The portions which were solid dissolved at the time 
of cooling precipitate again on the surface of residual carbide so that 
spheroidizing is further expedited. In hypoeutectoid steel, if heating 
temperature is too high, precipitation cores will vanish so that spheroidizing 
becomes difficult. The slower the cooling speed is, the better. Although the 
desirable cooling speed for low carbon steel is 1°C/min or less, low carbon steel 
can be spheroidized in relatively high-speed cooling with increasing amounts of 
C. When the repetition number of heating/cooling is 1, the size of carbide 
varies although appreciable quantities of fine carbide are included. When the 
repetition number of heating/cooling is 3 in the case of hypoeutectoid steel and 
eutectoid steel and 2 in the case of hypereutectoid steel, carbide particles 
become uniform and therefore the purpose can be accomplished to a 
satisfactory extent. Fig. 2.7 14) shows the relationship between the repetition 
number and hardness in spheroidizing annealing of 0.7% C steel. 

The method (c) is often used because of its simple process and 
relatively quick spheroidizing, but is likely to create pearlite in the case of low 
carbon steel. In the method (c), although the annealing operation does not 
substantially differ from that of full annealing, the cooling speed when 
temperature passes through the point Ai needs to be further lowered or holding 
at a temperature just below the point Ai needs to be performed for a long time. 
Fig. 2.8 15) shows the relationship between annealing conditions and the 
structures obtained in annealing of a 1.19% C steel. In this figure, holding 
temperature equal to or lower than the point is plotted as abscissa. Sorbite 
structures are created in the region on the right of SS\ Mixed- structures 
composed of spheroidized, layered and sorbite structures are created in the 
regions of GG'S'SL'CLG Spheroidizing occurs only on the left side of the line 
GG\ In the region above the line NN\ first cementite precipitates in a net-like 
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form. In the case of hypereutectoid steel, as annealing temperature is closer 
to the point Acm, fine carbide is more likely to be solid-dissolved and 
reprecipitated around large carbide particles, so that coarse carbide is easily 
formed. As discussed earlier, in the case of hypoeutectoid, as temperature 
rises, austenite becomes uniform so that the number of carbide cores 
decreases with increasing difficulties in spheroidizing. In any types of steel, 
spheroidizing can be expedited by once preheating to a temperature just below 
the point Ai before heating 17) . Fig. 2. 9 18) shows the optimum range of heating 
temperature for carbon steel. 

The method (d) is suited for obtaining a fine spheroidal structure in a 
good dispersive condition, but the speed of spheroidizing is slow. According to 
this method, heating to the point Ac 2 or Acm or more is firstly done. Then, rapid 
cooling is done in order to prevent formation of coarse pearlite and network 
carbide. Air cooling is usually done but oil cooling or water cooling is 
employed in some cases because the martensite structure is the mostly easily 
spheroidized. In slow cooling, coarse ferrite is created particularly when low 
carbon steel is cooled and this causes a cementite distribution that is 
non-uniform as a whole. Therefore, what is important is to perform rapid 
cooling thereby expediting grain refinement. Fig. 2.10 19) shows a structure 
obtained through a process in which a 1.20% C steel is twice annealed at 720°C 
for 5 hours after water-cooled from 1000°C. 

Addition of alloy elements delays spheroidizing, but its influence is not 
necessarily coincident with the inclination of carbide formation 20) . The effect 
of V is the most significant next to Cr. Co also has the remarkable function of 
delaying spheroidizing. 

b. Influence of processing 

When carbide is distorted, its solid solubility increases and therefore it 
can be more easily spheroidized even at low temperatures. If the lamellar 
structure is broken by processing, this tendency becomes more noticeable. 
Fig. 2-11 19) shows how spheroidizing of cementite proceeds when a 0.65% C 
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steel is annealed at 650°C for 1 hour after 60% cold-rolled. 

Generally, cold working is difficult to apply to other materials than plates 
and wire rods. Good results can be achieved 21) by using hot work and the 
method (b) in combination. In addition, when processing is applied at a 
temperature just below the point A1, spheroidizing progresses rapidly. The 
reason for this is thought to be acceleration of dispersion caused by introduction 
of lattice imperfection 22) . 

c. Spheroidal structure and machinability 

When steel has a spheroidal structure, it exhibits the lowest cutting 
resistance. The structure of steel is the most important factor for determining 
cutting speed and the service life of the tool particularly in high-speed cutting. 
Fig. 2.12 23) shows the influence of the structure of an AISI 4140 steel upon 
machinability where various kinds of heat treatments are applied to it. The 
factor that determines machinability also relates to the quality of the cut surface. 
The spheroidal structure is poor in this respect and therefore rather suited for 
rough processing. 

d. The application range of spheroidizing annealing 

Carbon steels to which the spheroidizing treatment process is 
applicable mainly contain 0.5 to 1.5% C. Carbon steels containing 0.5% C or 
less becomes too soft and is rather impaired in machinability after spheroidizing. 
It is therefore better to apply coarsening annealing or normalizing. 

, Generally, spheroidizing is more difficult to apply to low carbon steels 
containing less amounts of carbon. On the other hand, some high-alloy steels 
such as hot work die steel and high-speed steel are liable to spheroidizing and 
can be made into a spheroidal structure by normal annealing. 

Spheroidizing is sometimes applied as a pretreatment for quenching. 
In this case, not only prevention of quench cracks and a reduction in quench 
distortion but also the effect of improving toughness can be achieved. To this 
end, it is better to make carbide particles small and uniformly distribute them. 
Coarse carbide leads to poor hardenability. In addition, if network carbide 
exists, the mechanical properties will degrade after quenching and therefore 
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such tissues should be removed beforehand by spheroidizing annealing. To 
obviate the annealing step, it is conceivable to perform quenching after network 
carbide has been solid-dissolved in the austenite by heating to a temperature 
equal to or higher than the point Ac m . This technique however entails 
coarsening of crystal grains and an increase in the possibility of quench cracks. 
Further, residual austenite increases with the result that quench hardness 
decreases by contraries. 

Since spheroidizing annealing also increases the workability of steel to 
a considerable extent in cold rolling and cold wire drawing, it is frequently 
utilized as a pretreatment for cold working. 

2.1 .4 Stress relief annealing, bluing 
a. Stress relief annealing 

When steel is forged, cold-worked, welded, cast or cooled down from 
high temperature, a big residual stress occurs within the steel. Mechanical 
properties are improved by eliminating such a stress or, alternatively, slow 
cooling is done after heating to an appropriate temperature equal to or lower 
than the transformation point in order to prevent age-deformation. This 
process is called "stress relief annealing" or "straightening, annealing". 
Although the term "low temperature annealing" has substantially the same 
meaning, it should be primarily construed as heating to a temperature equal to 
or lower than the recrystallization temperature. 

Heating temperature is not constant but varies depending on the degree 
of stress and the types of steel. However, heating to a temperature equal to or 
higher than the transformation point is not required because essential changes 
in tissues are unnecessary, so that low temperature annealing less susceptible 
to oxidization and decarburization is enough to accomplish the purpose. 
However, the stress vanishes in a shorter time as the temperature of annealing 
is higher 
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One cycle in the spheroidizing treatment process 

(1 ) 700->760"C (temperature increases at a rate of 1 tJ/min) 

(2) holding at 760"C for 15 min. 

(3) 760 ->700"C (temperature decreases at a rate of 1 tl/min) 

(4) holding at 700"C for 30 min. 



Fig. 2. 7 (b) The influence of the repetition number upon spheroidizing 
of carbide with the method (b) 
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Fig. 2.8 Annealing conditions and microscopic structure 
(1 .19% C steel) 
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Fig. 2.9 Temperature range of softening annealing of 0.5 to 1 .5% C 
steels in Fe-C series state diagram 
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Fig. 2.10 Spheroidal structure of a hypereutectoid steel (1 .20% 
C, 0.31%Si, 0.46%Mn) 

100CC, 1hr water cooling; 720"C, 5hr furnace cooling twice 
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(X720X4/5) 

Fig. 2.11 Spheroidal structure of a cold-rolled carbon steel 
(0.65% C, 0.26% Si, 0.21% Mn) 




cutting speed [ft/min] 
Feed: 0.009 in/rotation, tool, high-speed steel 
quench-tempering: 840*C oil cooling, 580t) tempering 
annealing: furnace cooling from 840T3 to 68013 is done 
followed by holding/air cooling for 5 hours 
spheroidizing: furnace cooling from 750T) to 680"C is done 
followed by holding/air cooling for 9 hours 

Fig. 2.12 The relationship between the structure of a 4140 
steel and machinability 
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Fig. 2.13 The relationship between the temperature and time required 
for completely eliminating the stress of a cast carbon steel part 
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Fig.2.38 Induction-hardened steels made in Japan 
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Fig. 2.39 Induction-hardened steels made in USA 
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